Abstract Cultured quail myocytes were much more resistant to H202 toxicity than cultured mouse myocytes. The intracellular concentration of glutathione ([GSH]1) and the activity of y-glutamylcysteine synthetase (y-GCS) in quail heart cells were about five and three times higher, respectively, than in mouse heart cells, although catalase and glutathione peroxidase (GSHpJ) activity was similar in both. Preloading of y-glutamylcysteine monoethyl ester (y-GCE), a membranepermeating GSH precursor, increased the H202 resistance of cultured mouse myocytes. These observations suggest that the high [GSH]i and the high activity of y-GCS in quail myocytes are responsible for their high resistance to H202. Both H202 sensitivity and [GSH]i of mosaic sheets composed of equal amounts of mouse and quail myocytes approximated those of sheets composed entirely of quail myocytes. From these observations, it is hypothesized that GSH was transferred from quail myocytes to mouse myocytes, probably through gap junctions between them, and that quail myocytes resynthesized GSH by a feedback mechanism, thus maintaining their intracellular GSH levels. When the fluorescent dye lucifer yellow was injected into a beating quail myocyte in a mosaic sheet, it spread to neighboring mouse myocytes but not to neighboring L cells (a cell line derived from mouse connective tissue). These observations indicate the existence of gap junctions in the region of cell contact between mouse and quail myocytes but not between quail myocytes and L cells. When quail myocytes preloaded with ['H]y-GCE were cocultured with mouse myocytes and L cells, the radioactivity was transmitted to neighboring mouse myocytes but not L cells. These observations show that GSH and/or its precursors can be transmitted from quail myocytes to mouse myocytes through gap junctions and that this can protect mouse myocytes from H202 toxicity. Mouse myocyte sheets composed of 104 cells or more showed higher resistance to H202 toxicity than single isolated mouse myocytes. Metabolic coupling of GSH between myocytes may contribute at least in part to this high resistance of the cell sheets. (Circ Res. 1994;74:806-816.) 
O xygen radicals are involved in several kinds of cardiac injury such as ischemia-reperfusion injury.1-3 Cardiac cells contain protective antioxidants such as glutathione (GSH), superoxide dismutase, catalase, and glutathione peroxidase (GSHPX) that inhibit the formation of oxygen radicals and oxidants or scavenge them. We reported previously that treatment of cultured fetal mouse myocytes with 50 ,umol/L hydrogen peroxide (H202) caused cessation of spontaneous beating followed by cessation of electrical stimulation-elicited beating and finally, irreversible morphological degeneration concomitant with an increase in the intracellular concentration of Ca2 . 4 While culturing embryonic quail myocytes, we found unexpectedly that neither contractile nor morphological impairment was induced by treatment with 100 4u.mol/L H202. We speculated, therefore, that the intracellular concentrations and activities of various kinds of antioxidants might differ between mouse and quail myocytes. In the present study we found that when mouse myo-cytes were cocultured with quail myocytes, the mouse myocytes that made contact with quail myocytes had the same H202 resistance as quail myocytes. When mouse and quail myocytes came in contact, their beating became synchronous. The synchronous beating is known to be achieved by electrical coupling between cells through junctions having low electrical resistance.5 These low-resistance junctions, specific intercellular structures known as gap junctions, permit the direct diffusion of dyes6 such as lucifer yellow and inorganic ions such as K',7 Na',8 NH49,9 and Ca2+.1o They also permit the passage of other low-molecular-weight molecules, such as nucleotides,1" glycolytic substrates,'2 amino acids,'3 cyclic AMP,14 and other physiologically active molecules.15'6 Passage of GSH through gap junctions, however, is unconfirmed.
The aims of the present study were to clarify (1) why quail myocytes are so much more resistant to H202 than mouse myocytes and (2) how mouse myocytes in contact with quail myocytes gain such high H202 resistance. We demonstrated that (1) the intracellular glutathione concentration ([GSH]1) of quail myocytes is about five times that of mouse myocytes because of their higher level of GSH biosynthesis, and this is the major reason for the high H202 resistance of quail myocytes; and (2) in mosaic sheets, metabolic coupling of GSH and/or its precursors between mouse and quail myocytes through gap junctions plays an important role in the high H202 resistance of mouse myocytes.
Materials and Methods

Agents
H202, sodium selenite (Na2SeO3), and Eagle's minimum essential medium (MEM) were purchased from Wako Chemical Co, Osaka, Japan. DL-Buthionine-[S,R]-sulfoximine (BSO), 3-amino-1,2,4-triazole (ATA), GSH, (-)-1,4-dithiothreitol (DTT), L-cysteine, L-glutamic acid, adenosine 5'-triphosphate (ATP) sodium salt, adenosine 5'-diphosphate, and lucifer yellow CH were purchased from Sigma Chemical Co, St Louis, Mo. All other reagents were of analytical grade. Fetal bovine serum (FBS) was obtained from Flow Laboratories Inc, Rockville, Md; trypsin (1: 250) was from Difco Laboratories, Detroit, Mich. y-Glutamylcysteine ethyl ester (y-GCE) was kindly provided by Teijin Institute for Biomedical Research, Tokyo, Japan. [y-32P]ATP was synthesized according to the method of Johnson and Walseth. 17 Vibriolysin was isolated from culture filtrates of a Kanagawa phenomenon-positive strain, Vibrio parahaemolyticus WP-1, and purified by successive column chromatography. 18 The purified vibriolysin was found to be homogeneous by sodium dodecyl sulfate polyacrylamide gel electrophoresis and analytical ultracentrifugation.
Culture of Mouse and Quail Heart Cells
Mouse heart ventricles were removed from 14-day-old fetuses (ICR strain) and dissociated into single isolated cells by trypsinization, as described previously.4 To decrease the number of contaminating nonmyocytes (most of which were fibroblastlike cells), the cells were preplated at 37°C for 1 hour in Eagle's MEM supplemented with 10% FBS (FBS-MEM). This caused most of the nonmyocytes to adhere to the culture dish surface, and then the remaining unattached cells were collected. In the suspension, the ratio of myocytes to nonmyocytes was 9:1. These cells were passed through a Swinex filter lined with lens paper, plated (2 x 10i cells per dish) in 35 -mm plastic Petri dishes, and incubated in FBS-MEM under a watersaturated atmosphere of 5% CO2 in air. To obtain a large cell sheet in the center of the dish, the dishes were subjected to gyratory shaking for 30 to 60 seconds immediately after plating. A 1-to 2-mm-diameter sheet containing at least 104 cells was produced after 1 day. Almost all the myocytes became attached to and spread on the surface of the Petri dishes, and all the myocytes in each sheet beat spontaneously and synchronously. Nonmyocytes could easily be distinguished from myocytes under a phase-contrast microscope as described previously. 19 Quail myocytes were obtained from the heart ventricles of 6-day-old Japanese quail embryos and cultured the same way as mouse myocytes. After incubation of the quail heart cells for 10 hours on culture dishes, india ink was added20 at a final concentration of 0.2% to 0.4% to the medium over the cultures, and incubation was continued at 37°C for 1 day. The cultures were then washed with 20 mL of phosphate-buffered saline (PBS) and once for a few seconds with 0.01% trypsin at room temperature to remove unincorporated ink. Subsequently, a suspension of unmarked mouse heart cells or L cells was added to the cultures of ink-marked quail heart cells. Since marked cells had many black granules in the cytoplasm, they were easily distinguished by bright-field microscopy from unmarked cells (see Fig 7, "Results"). The incorporated ink did not affect the beating of myocytes and did not diffuse to neighboring cells.
Glass microelectrodes containing fiber filaments were prepared with a puller (model PD-5, Narishige Scientific Laboratory, Tokyo). Each microelectrode was filled with a 4% to 5% (wt/vol) solution of lucifer yellow CH dissolved in 1 mol/L lithium chloride, and the solution was injected into a single beating quail myocyte in a mosaic sheet in FBS-MEM at 37°C with a micromanipulator (model MO 102, Narishige) and a pneumatic pump (model PPS-2, Medical Systems Co, New York). Spreading of the dye from the injected quail myocyte to neighboring cells was observed with an inverted fluorescence microscope (Diaphot, Nikon).
Microscopic Observations of Beating Cultured Myocytes
The beating myocytes were observed with an inverted phase-contrast microscope (Olympus IMT-2 or Nikon Diaphot) while the cells were maintained at 37°C and pH 7.3 in Eagle's MEM under a flow of 5% CO2 in air.
Electrical Field Stimulation
After spontaneous myocyte beating had ceased in response to H202 treatment, the cells were stimulated electrically. Two platinum 9xl.5xO.2-mm electrodes were immersed in the bathing medium 10 mm apart, and the cells were stimulated at 1 Hz with an isolator-equipped electronic stimulator (Nihon Kohden SEN-3301 and SS-201J, Tokyo). The duration and amplitude of the applied rectangular pulses were 50 milliseconds and 100 V, respectively. Experiments to determine whether GSH and/or its precursors contained in quail myocytes are transmitted to mouse myocytes in mosaic sheets were performed with [3H]y-GCE, an ester form of a GSH precursor,22 and vibriolysin, a celllysing toxin selective for mouse cells but not avian cells.23 L cells, which do not form gap junctions with myocytes,24 were used as a control. y-GCE universally labeled with 3H except for -SH, -NH2, and -COOH was purchased from Daiichi Chemical Co, Tokyo.
Preparation of Cultured
Single isolated quail heart cells obtained by trypsinization of quail heart ventricles were preplated for 1 hour to eliminate contaminating nonmyocytes and then incubated in FBS-MEM containing 1.1 MBq/mL [3H]y-GCE for 3 hours at 37°C in a test tube with mild stirring. The cells were then washed three times with Eagle's MEM containing 500 imol/L nonlabeled y-GCE and resuspended in FBS-MEM. The quail heart cell suspension was mixed with the suspension of mouse heart cells or L cells to give equal numbers of both cell types, and the cells were then cocultured. In control experiments, mouse heart cells and L cells were labeled with [3H]y-GCE in the same way as quail heart cells.
After cocultivation for 20 hours, the cells were exposed to 3.5 ,ug/mL vibriolysin for 10 minutes at 37°C in 1 mL of Eagle's MEM. Before and after exposure to the toxin, 200 ,uL of incubation medium was withdrawn, and its radioactivity was counted in a liquid scintillation analyzer (model 1600 TR 
Other Measurements
Activity of y-glutamylcysteine synthetase (y-GCS) was determined by measuring the formation of radioactive inorganic phosphate derived from [y-32P]ATP as described previously25 with minor modifications. Briefly, isolated heart ventricles from 150 mouse fetuses and 120 quail embryos were homog- . After incubation for 60 minutes at 37°C, the reaction was terminated by addition of 0.5 mL 10% trichloroacetic acid. The liberated inorganic phosphate was separated by the method of Martin and Doty,26 and the radioactivity was counted in a liquid scintillation analyzer. The difference in the amount of liberated inorganic phosphate in the presence and absence of 5 mmol/L BSO, a specific inhibitor of y-GCS, in the reaction mixture was estimated as y-GCS activity. Activities of GSH X27 and catalase28 were measured by spectrophotometry as described previously. One unit of GSHPX was considered to be 1 ,umol of GSH oxidized by H202 per minute at 25°C, and one unit of catalase, 1 ,mol of H202 decomposed per minute at 25°C. Release of lactic acid dehydrogenase from cultured cells was measured as described previously.29
Statistical Analysis
All values expressed are mean+SEM. Comparisons between two means were performed bySStudent's t test. Differences at P<.01 were considered significant.
Results
Mechanisms of Different Sensitivity to H202 Toxicity Between Quail and Mouse Myocytes
There was a significant difference (P<.01) in H202 sensitivity between cultured mouse and quail myocytes (Fig 1) . In mouse myocytes, the addition of 50 ,urmol/L H202 caused cessation of spontaneous beating within about 20 minutes and cessation of electrical stimulation-elicited beating within 70 minutes. Quail myocytes, on the other hand, were able to continue beating spontaneously for 180 minutes or more, even on exposure to 100 ,mol/L H202. However, more than 150 ,umol/L H202 caused loss of beating activity.
In both mouse and quail myocytes, preloading of the cells for 3 hours with BSO, a highly selective inhibitor of the key enzyme of glutathione synthesis, y-GCS,30 ac- 45% less. Incubation of the myocytes isolated from selenium-deficient mice in medium containing 1 ,umol/L sodium selenite for 20 hours increased their H202 resistance to a normal level (Fig 4) . These observations indicate that GSH, catalase, and GSHPX play an active protective role against H202 toxicity in both mouse and quail myocytes and that when the intracellular levels of these antioxidants become lower than normal, the cells become more susceptible to H202 toxicity.
Next, we measured the activities of catalase, GSHpx, and y-GCS and [GSH]i in homogenates of fetal mouse and embryonic quail heart ventricles. The activities of GSHpX and catalase were similar in both (Table) . The content of total glutathione (oxidized form, GSSG+reduced form, GSH) in quail heart ventricles, however, was about five times higher than in mouse ventricles (P<.01). The contents of GSSG of mouse and quail heart ventricles were 3.9 +0.3% and 2.2+0.2% of total glutathione, respectively. y-GCS activity in quail heart ventricles was about three times higher than in mouse heart ventricles (P<.01; Table) .
We next examined the effect of y-GCE, a membranepermeating GSH precursor, on the H202 sensitivity of cultured mouse myocytes. GSH itself cannot traverse the cell membrane,32 but y-GCE penetrates cultured rat lenticular cells and is converted to GSH by GSH synthetase.22 As shown in Fig 5, (Fig 1) .
To (Fig 7C) but not to neighboring L cells (Fig 7F) . We then examined whether radioactive y-GCE preloaded into quail myocytes was transferred to neighboring mouse myocytes and L cells in mosaic sheets. To detect the radioactivity of y-GCE in mouse myocytes or in L cells separately from that in quail myocytes in coculture, we used vibriolysin, which damages cultured fetal mouse myocytes but not embryonic chick myocytes. 23 Vibriolysin treatment of quail/mouse mosaic sheets caused blebs and balloon formation in and hypercontraction of 80% to 90% of the mouse myocytes but no cessation of spontaneous beating and no apparent morphological impairment in quail myocytes (Fig 8) . Trypan (Fig 9) . These (Fig 10) . Photomicrographs showing the effect of vibriolysin on the morphology of cultured mouse and quail heart cells. Quail heart cells were marked with india ink and cocultured with mouse heart cells to allow intercellular contact. After cultivation for 20 hours, the cells were exposed to 3.5 gg/mL vibriolysin for 10 minutes at 370C. A and B, Unexposed mosaic sheet seen by phase-contrast (A) and bright-field (B) microscopy. Quail heart cells (Q) can be distinguished easily from mouse heart cells (M) because dark india ink granules in their cytosol are seen by bright-field microscopy. Two mouse fibroblast-like cells (F) were seen. C and D, Same sheet 1 0 minutes after exposure to 3.5 1tg/mL vibriolysin, seen by phase-contrast (C) and bright-field (D) microscopy. Only mouse myocytes in the mosaic sheet are morphologically damaged; bleb and balloon formation (indicated by arrows) and cellular hypercontraction are evident. Some mouse myocytes in contact with quail myocytes retained normal morphology as indicated by arrowhead in C. Bar-30 gim.
ganic peroxides by GSHPX33 and detoxification of foreign compounds.34 It also acts to maintain the thiol disulfide status of cells, preventing oxidation of protein sulfhydryl groups. 35 In the present work, we found that cultured quail myocytes were much more resistant to H202 toxicity than cultured mouse myocytes.
[GSH]i and y-GCS activities in quail heart cells were about five times and three times higher, respectively, than in mouse heart cells, although the activities of GSHPX and catalase in the two cell types did not differ. Preloading cultured mouse heart cells with y-GCE increased both
[GSH]i and H202 resistance. These observations suggest that the high [GSH]i in quail myocytes might be the major reason for their high H202 resistance. The inhibition of GSH synthesis (via y-GCS) in mouse and quail myocytes increased H202 sensitivity. Moreover, selenium-deficient fetal mouse myocytes also showed enhanced H202 sensitivity (GSHPX requires selenium).
These data, too, indicate a protective role of GSH against oxidative damage.
It has been reported that the heart has a lower level of catalase than other organs such as the liver and that the major enzymatic route of H202 detoxification in cardiac tissue is GSH dependent.36 The scavenging action of oxygen free radicals by the GSH redox system is dependent on the intracellular GSH level37: Depletion of cardiac GSH by administration of BSO resulted in postischemic contractile dysfunction in cats38 and increased the size of ischemia/reperfusion-induced infarcts in pig hearts39; it also enhanced other forms of oxidative injury in various kinds of tissues.40A' In our experiments, too, in both mouse and quail myocytes, We found that the H202 resistance of mouse/quail mosaic sheets was as high as that of 100% quail sheets (Fig 1) . One possible explanation for this is that the mouse myocytes were able to beat with the aid of propagated currents from the neighboring quail myocytes, which beat spontaneously in the presence of low concentrations of H202 (50 to 100 ,mol/L). This seems unlikely, however, because the mouse myocytes in contact with the quail myocytes were able to beat even when sheets formed entirely of mouse myocytes did not respond to electrical stimulation (Fig 1) .
Since the [GSH]i in both mosaic sheets and 100%
quail sheets was about five times the level in 100% mouse sheets (Fig 6) , we hypothesized that metabolic coupling of GSH formed between mouse and quail myocytes, probably through gap junctions. Hydrophilic molecules with low molecular weight can pass through gap junctional channels (each channel has a diameter of about 1.5 nm) from one cell to another. 16 The permeation of mammalian gap junctions is limited by the size and electronegativity of the probing molecules.5' When the molecular weight of the molecule is higher than 600 or the number of negative charges on it is greater than three, permeation decreases. GSH (molecular weight, 307.33) is a hydrophilic molecule; its size, calculated from its structure, is about 0.7 x0.5 x 1.3 nm,5253 and its net charge is -1 under physiological conditions.3554 There are several forms of glutathione, including GSH, GSSG, and mixed disulfide forms. At least 60% of total glutathione in cultured rat heart cells is free GSH,55 and other bound glutathiones and GSSG are exchangeable with free GSH.3s GSH, therefore, may traverse gap junctional channels.
In 56 [GSH]i in cultured quail and mouse nonmyocytes is almost the same as in quail and mouse heart cells, respectively, which are composed of myocytes and nonmyocytes in a 9:1 ratio. This observation suggests that even though transmission of GSH from quail nonmyocytes to mouse myocytes occurs in the mosaic sheets, the contribution of the metabolic coupling of GSH between them to the acquisition of high H202 resistance of mouse myocytes must be small, because the nonmyocytes are only about 10% of total heart cells, and they have almost the same concentration of GSH as heart cells.
Resistance of Mouse Myocytes in Contact With Quail Myocytes to Vibriolysin Toxicity
Twenty-four percent of [3H]y-GCE radioactivity was released into the medium from mosaic sheets composed of quail (preloaded with [3H]y-GCE) and mouse (nonpreloaded) heart cells. If the diffusion of the radioactive agent between heart cells had reached a steady state and vibriolysin had acted on the mouse myocytes in the mosaic sheets in the same way as on mouse myocytes in 100% mouse heart cell sheets, the value would have been approximately 37% (0.5x73%). In fact, however, the experimental value was a little lower. One possible explanation is as follows. Vibriolysin made the mouse myocyte plasma membranes leaky, causing intracellular calcium overload and morphological damage.57 Some of the calcium ions of mouse heart cells were then transferred to quail heart cells through gap junctions (in rat hepatocytes, calcium ions can pass from cell to cell through gap junctions10). Then the quail heart cells, which were not damaged by vibriolysin, pumped out the Ca2`using their Ca2' extrusion mechanisms, even though gap junction channels were reported to close when intracellular Ca2' concentration elevates to micromolar levels or above.58 In this way, some mouse myocytes in contact with quail heart cells may have been protected from the intracellular calcium overload, morphological damage, and release of intracellular y-GCE.
We found in this study that mouse myocytes in contact with quail heart cells were more resistant to vibriolysin toxicity than the mouse myocytes in the 100% mouse cell sheets or the single mouse myocytes (Fig 8 and trypan blue exclusion tests) . These observations support our hypothesis that cells in contact with each other cooperate to reduce environmental stress such as H202 toxicity by transmitting GSH and/or its precursors through gap junctions. for GSH S-transferase. In the mouse heart, GSH turnover is rapid, and [GSH]i diminished by BSO treatment rapidly returns to normal after BSO treatment is discontinued.66 Thus, quail heart cells in mosaic sheets might similarly maintain GSH homeostasis even after transmitting GSH to neighboring mouse myocytes. This is consistent with the observation that heart cell sheets were more resistant to H202 than single, isolated myocytes (Fig 10) . Metabolic coupling of GSH (and/or its precursors) between mouse myocytes may contribute at least in part to the high resistance of the cell sheets. In conclusion, our present findings suggest that a multicellular system containing gap junctions may be advantageous for defense against various kinds of unfavorable environmental events, particularly oxidative stress.
